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Abstract— This paper reports on the assessment of LGT 
acoustic material constants and temperature coefficients by 
surface acoustic wave (SAW) delay line measurements up to 
130 ºC.  Based upon a full set of material constants recently 
reported by the authors, seven orientations in the LGT plane 
with Euler angles (90º, 23º, Ψº) were identified for testing.  Each 
of the seven selected orientations exhibited predicted coupling 
coefficients (K2) between 0.2% and 0.75% and also showed a 
large range of predicted temperature coefficient of delay (TCD) 
values around room temperature.  Additionally, methods for 
estimating the uncertainty in predicted SAW propagation 
properties were developed and applied to SAW phase velocity 
and temperature coefficient of delay calculations.  Starting from 
a purchased LGT boule, the SAW wafers used in this work were 
aligned, cut, ground, and polished at University of Maine 
facilities, followed by device fabrication and testing.    Using 
repeated measurements of two devices on separate wafers for 
each of the seven orientations, the room temperature SAW 
phase velocities were extracted with a precision of 0.1% and 
found to be in agreement with the predicted values.  The 
normalized frequency change and the temperature coefficient of 
delay for all seven orientations agreed with predictions within 
the uncertainty of the measurement and the predictions over the 
entire 120 ºC temperature range measured.  Two orientations, 
with Euler angles (90º, 23º, 123º) and (90º, 23º, 119º),  were 
found to have high predicted coupling for LGT  (K2 > 0.5%) and 
were shown experimentally to exhibit temperature 
compensation in the vicinity of room temperature, with turnover 
temperatures at 50 and 60 ºC, respectively. 
 

I. INTRODUCTION  
Langatate (LGT, La3Ga5.5Ta0.5O14) has been considered for 

the past twenty years as a promising piezoelectric material for 
applications in frequency control, wireless communications, 
and sensors [1-9].  LGT belongs to the crystal point group 32, 
the same as quartz, berlinite, and gallium phosphate, and 
shows potential to simultaneously exhibit increased 
electromechanical coupling compared to quartz and 
temperature compensation orientations [10, 11].  Attractive 

properties of LGT include piezoelectric constants e11 and e14 
that are 2-4 times higher than those of quartz, the absence of 
phase changes and the retention of piezoelectricity up to its 
melting point of 1470 ºC, high density (6147 kg/m3), and 
reported surface and bulk acoustic wave (SAW and BAW) 
orientations with temperature compensation [2, 9, 11, 12].   

LGT orientations exhibiting temperature compensation 
around room temperature have previously been predicted 
based on published acoustic material constants [2, 12], but 
experimentally observed orientations of temperature 
compensation have occurred at temperatures up to 100 ºC 
away from room temperature [2].  Further, the literature on 
LGT acoustic wave material properties contains many 
discrepancies, some of them large, in particular for the values 
of the elastic and piezoelectric constants and their temperature 
coefficients as discussed in detail in [9].  It is not presently 
clear to what extent these discrepancies in the reported 
material constants and temperature coefficients arose from 
different or imprecise measurement techniques, variations in 
the crystal composition and structure in materials provided by 
different growers, or yet some other reason to be determined 
[9, 13, 14]. In an attempt to re-examine the LGT material 
constants and temperate coefficient, a carefully determined set 
of elastic and piezoelectric constants and temperature 
coefficients has recently been extracted by pulse echo overlap 
and combined resonance techniques [9].  In that work, use was 
made of expansion coefficient measurements [15] and 
dielectric constant and respective temperature coefficient 
measurements [16] performed under the same project.     

The present work focuses on the assessment of these 
recently reported material constants and temperature 
coefficients by using SAW delay line devices fabricated using 
LGT boules originating from the same crystal supplier 
reported in [9, 15, 16].  Room temperature phase velocities, vp, 
and temperature coefficient of delay (TCD) are extracted 
through S21 delay line frequency response measurements. The 
experimentally obtained vp, and TCD are then compared with 
those numerically predicted using the constants in [9].  
Normalized frequency variations and TCD as a function of 
temperature are also reported in this work and compared with 
predictions to verify the temperature coefficients given in [9].  
A method for estimating the uncertainties in the predicted vp 
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and TCD is developed based upon the uncertainties in the 
material properties, in order to assess the agreement between 
the measured and predicted vp and TCD. 

Section II presents experimental details including plane 
selection, device fabrication, SAW phase velocity 
measurements, and experimental uncertainties.  Section III 
describes how the uncertainties in the predicted SAW 
parameters of vp and TCD can be estimated provided that the 
uncertainties in the material constants are known.  Section IV 
discusses the experimental results and the consistency 
between measurement and prediction.  Finally, Section V 
concludes the paper. 

II. EXPERIMENTAL PROCEDURE 

A. SAW Plane Selection 
Using a full set of acoustic material constants (elastic, 

piezoelectric, and dielectric constants as well as density) and 
their respective temperature coefficients determined from a 
single LGT boule [9, 15, 16], a numerical search procedure 
was conducted for planes suitable for SAW evaluation.  The 
two criteria used for selecting a plane for SAW fabrication 
were: (i) that the plane had sufficiently high electromechanical 
coupling (K2) to allow the probing of all SAW propagation 
directions of interest within the plane; (ii) that the plane 
exhibited a wide range of TCD which is useful for verifying 
the temperature coefficients of the elastic and piezoelectric 
constants; (iii) if possible, use a single rotated cut or double 
rotated cuts with initial surface normals lying in the Y-Z, X-Z, 
and X-Y planes for maximum use of the material and easier 
alignment.  For the search of the crystal cut, two Euler angles 
were varied at a time in each of three separate searches.  The 
three searches investigated the spaces defined by Euler angles: 
(0º, Θº, Ψº), (90º, Θº, Ψº), and (Φº, 90º, Ψº), corresponding to 
wafers with surface normals lying in the Y-Z, X-Z, and X-Y 
planes, respectively.     

B. Device Fabrication  
The wafers’ alignment, cutting, grinding, polishing, and 

the SAW device design, fabrication, and testing were 
performed at the Microwave Acoustics Material Lab, 
Laboratory for Surface Science and Technology facilities at 
the University of Maine (UMaine). Wafers for SAW 
fabrication were cut using an inner diameter saw (Meyer-
Berger, Steffisberg, Switzerland) from a single crystal LGT 
boule (Fomos Materials, Moscow, Russia) which was 
purchased at the same time as the material used for the 
determination of material constants reported in [9, 15, 16].  
Wafers were aligned to the selected orientation to better than 
six arcminutes using a PANAlytical X’Pert Pro Materials 
Research Diffractometer (PANalytical, Inc., Natick, MA) 
using techniques described in [17, 18].  The wafers were 
mechanically ground using Al2O3 abrasives (Micro Abrasives 
Corporation, Westfield, MA) of decreasing grit size down to 
1 μm and then polished to an optical finish using colloidal 
silica (Universal Photonics, Hicksville, NY).  Two identical 
sets of seven SAW delay lines, shown in Fig. 1, were 
fabricated on the polished substrates using 1500 Å of 
aluminum on top of a 150 Å chromium adhesion layer.  Split 

finger electrodes were used to reduce the triple transit 
response of the devices.  Each finger had a width of 4 μm, 
yielding a SAW wavelength of λ=32 μm at the IDT.  The non-
zero power flow angle (PFA) was accounted for in the design 
and fabrication of delay lines along the seven orientations 
selected in this work. The delay lines were designed to have 
one transducer with an acoustic aperture of 80λ and the second 
transducer with an aperture of 130λ to ensure that the SAWs 
were measurable despite variations in the PFA as a function of 
temperature.  All transducers had an active length of 125 λ, 
and the IDT center-to-center delay path was between 455 and 
475 λ for the devices.  The electrically open, mechanically 
unloaded delay path was chosen to be as large as possible for 
the prepared wafers (~3 times the length of the transducer) to 
minimize the influence of the electrodes on the propagation 
path.    

 
C. SAW S21 Frequency Measurements  

The S21 center frequency response of the devices was 
measured using an RF probe station (Cascade Microtech, Inc., 
Beaverton, OR) and an Agilent 8753 ES network analyzer 
(Agilent Technologies, Santa Clara, CA).  Time gating was 
used to remove electromagnetic feed-through, residual SAW 
triple transit, and other spurious acoustic reflections. The 
gated S21 response was recorded and the maximum of |S21| was 
recorded as the center frequency for each measurement.   The 
temperature of the devices was controlled using a Temptronic 
thermal chuck with 0.1 ºC precision.  Due to the thermal 
gradient between the chuck and the top surface of the LGT 
substrate, the temperature measured by the Temptronic 
controller starts to diverge from the actual temperature of the 
SAW device once the thermal chuck departs from room 
temperature, with  the discrepancy increasing with 
temperature. To more accurately determine the SAW 
operating temperature, a secondary RTD was mounted on top 
of an LGT wafer of the same thickness as the device substrate 
and was used to record the temperature at the surface of the 
LGT substrates during all measurements.   A 5 ºC difference 
between the operating temperature of the SAW and the 

 
Figure 1.  The two wafers fabricated, each with seven SAW delay line 
devices.  The arrow denotes the (90º, 23º, 0º) propagation direction and 

the ruler scale is inches.  
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temperature measured by the Temptronic controller was 
registered at 130 ºC. 

At room temperature (25.0 ºC), the frequency response of 
each of the fourteen devices (seven devices on each of two 
wafers, labeled ‘A’ and ‘B’ in Fig. 1) was measured five times 
to determine the precision of the frequency measurement for 
each device.  The mean and the standard error of the 
frequency measurements were taken as the measured 
frequency, f, and the uncertainty in the measured frequency, δf,  
of each device, respectively.  The SAW phase velocity, vp, 
with associated uncertainty, δvp, were then calculated through 
the wave relationship by:  

 ,fvp λ=  (1a) 

 ,)( 22 fvp δλδ =  (1b)      
since the uncertainty in the photolithographically defined 
wavelength, λ, was considered negligible.   

To determine the thermal properties of the SAWs, 
frequency measurements were made using the seven devices 
on wafer ‘A’ at temperatures between 10 and 130 ºC.  The RF 
probe tips were lifted off of the device before changing the 
temperature to avoid destruction of the device and probe tips 
caused by the thermal expansion of the LGT.  The required 
repeated lifting off and replacement of the probe tips during 
the temperature runs ends up scratching away the aluminum 
electrodes and for this reason it was decided to perform 
temperature measurements on only one of the two fabricated 
wafers. Measurements were made at 10 ºC intervals for five of 
the seven devices, and at 5 ºC intervals for the remaining two 
devices.  The reason for making measurements with higher 
temperature resolution for two of the devices was to accurately 
determine the turnover temperature since these orientations 
exhibit temperature compensation near room temperature.  
The normalized frequency variation for each device was 
calculated by:  
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where the minus sign in (3) results from the relation of TCD 
and the temperature coefficient of frequency, TCF = -TCD, 
and ε is a small change temperature change, either 5 or 10 ºC, 
depending on the device being considered.  The precision in 
the measurement of temperature was high enough that the 
error in temperature measurements contributed a negligible 
amount to the uncertainty in the measured Δf/f0 and TCD, so 
the uncertainty in these quantities was calculated by 
propagating the uncertainty in the measured frequencies. 

III. CALCULATED SAW PARAMETER UNCERTAINTY 
The methods governing the calculation of LGT SAW 

phase velocity for electrically open and shorted surfaces, 
needed for the calculation of SAW parameters including: vp, 

TCD, K2, PFA, acoustic diffraction, and wave polarization are 
described elsewhere [2, 12, 19] and will not be further 
discussed here.  This section focuses on the estimation of 
uncertainty in the calculated vp and TCD, based upon the 
uncertainty in the acoustic material constants used in the 
calculations and the sensitivity of the SAW along a specific 
orientation to the different material constants. 

As a point group 32 crystal, LGT has six independent 
elastic constants, Ck., where the index k represents here the six 
elastic constants of LGT. If one considers only the influence 
of the elastic constants on the phase velocity error, this error 
becomes: 
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The superscript ‘C’, in C
vpδ , is used to denote uncertainty in a 

calculated, as opposed to a measured, quantity.  The exclusion 
of the piezoelectric constants in LGT SAW calculations 
influences the SAW phase velocity by less than 2% for all 
propagation directions in the (90º, 23º, Ψ) plane.  Because the 
piezoelectric and dielectric constants have such a reduced 
influence on the LGT SAW propagation properties, the errors 
in the calculated vp and TCD were assumed to depend solely 
on the errors in the elastic constants.   

Unlike the case with bulk acoustic waves where analytical 
solutions for 

ijp Cv ∂∂ / exist, this quantity generally must be 
computed numerically for SAWs.  These quantities were 
determined for each of the seven measured SAWs by 
calculating the SAW phase velocity using a slightly higher 
value for the six elastic constants.  For example, to determine 
the sensitivity of a SAW to elastic constant C11, this sensitivity 
was calculated by: 
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The partial derivatives were carried out by varying only one 
constant at a time, holding all others constant, for each of the 
seven SAW propagation directions.  The sensitivity of each of 
the modes to the six elastic constants is displayed in Table I. 

The predicted TCD of the SAWs was calculated using the 
expression [20]: 
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Where l is the SAW wavelength and TCE and TCV are the 
temperature coefficients of expansion and velocity, 
respectively.  From this expression, the uncertainty in the 
calculated TCD, C

TCDδ , can be written:    
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where the uncertainty in the temperature derivative of phase 
velocity is calculated using the uncertainty in the temperature 
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coefficients of the elastic constants, since the partial 
derivative of the phase velocity with respect to the elastic 
constants is a property of the crystal geometry: 
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IV. RESULTS AND DISCUSSION 

A.  SAW Plane Selection 
The plane selected for device fabrication has Euler angles 

[Φ,Θ,Ψ]=[90º, 23º, Ψ], with a surface normal vector making 
angles of 23º and 67º with the +Z and +X axes, respectively, 
and a Ψ=0º propagation direction along the +Y crystalline 
axis.  Fig. 2 shows the calculated SAW coupling and TCD for 
this plane.  The plane has calculated SAW coupling higher 
than that of ST-X quartz (K2=0.11%) throughout most of the 
plane and exhibits K2 as high as 0.75% in a region where TCD 
is expected to be near zero around room temperature 
(110º≤Ψ≤130º).  The seven orientations for which devices 
were fabricated were chosen based on their predicted coupling 
(K2>0.2%) and their large range of predicted TCDs 
(-64≤TCD≤4 ppm/ºC), allowing for an assessment of the 
elastic temperature coefficients.  The seven orientations 
measured have azimuthal angles of Ψ = 0º, 13º, 48º, 77º, 119º, 
123º, and 170º (Fig. 2).  

B. Room Temperature SAW Phase Velocities 
For each of the fourteen devices, the average frequency of 

repeated measurements was used to calculate the phase 

velocity of that device, and the standard error was used as the 
uncertainty.  Although five measurements were made on each 
device, one set of measurements on wafer ‘A’ were discarded 
as outliers because the values were more than two standard 
deviations away from the mean of the five measurements.  
The phase velocities of each duplicate pair of devices with the 
same propagation direction were compared and agreed within 
the uncertainty of the measurements.  The phase velocity for 
each propagation direction was then computed as the average 
of the velocities for each pair of devices with the same 
orientation.  The phase velocities determined for each of the 
seven SAW propagation directions are displayed in Table II 
where all of them have an uncertainty of ±2 m/s or ~0.1%.  
Table II also presents the predicted phase velocities, each of 
which has an uncertainty of ±10 m/s calculated using (4) and 
the reported uncertainties in [9].  Reference [9], which 
reported on LGT elastic constants determined by BAW 
measurements, reports two different sets of uncertainties for 
the elastic constants, one of which was determined 
analytically and another which was estimated through an 
optimization routine.  The uncertainties determined by the 
optimization routine were larger and are the uncertainties used 
in the calculations of this work.  It should be noted that if the 
analytically determined elastic constants are used instead, the 
uncertainty in the predicted SAW vp is reduced to ~ 3 m/s for 
each SAW, which is still in agreement with the measured vp..   

C. SAW Temperature Behavior 
The TCD for each of the seven orientations were 

determined from measurements between 10 and 130 ºC using 
(3).  The predicted room temperature TCDs are shown in Fig. 
2 and in Table II and are based upon the constants published 
in [9].  Table II also presents the uncertainties for the 
predicted TCDs along the selected orientations calculated 
using (7).   Uncertainties in the temperature derivatives of the 
elastic constants are critical for the estimation of uncertainty in 
temperature related SAW parameters.  The dTdCij /  from [9] 
and the associated 

dT
dCijδ

 which were used in this work are 

shown in Table III.  For simplicity, the symbol δij is used in 
Table III and in the text to denote 

dT
dCijδ .  It can be noted from 

Table II that the uncertainty in the measured TCD for the 
Ψ=119º and Ψ=123º SAWs is slightly larger than the 
uncertainty for the other five orientations, owing to the fact 

Figure 2.  TCD (solid, left axis) and K2 (dashed, right axis) for the plane 
measured (Euler angles 90º, 23º, Ψ).  Measured TCDs are indicated with 

asterisks.  The thin error bars correspond to the predicted TCDs. 

TABLE I.  SENSITIVITY OF SAWS TO THE SIX ELASTIC CONSTANTS 

  ijp Cv ∂∂ /  (m s-1 Pa-1)*10-10 

Ψ=0º Ψ=13º Ψ=48º Ψ=77º Ψ=119º Ψ=123º Ψ=170º 
C11 4 4 4 3 10 6 1 

C13 -6 -4 -7 -6 -12 -8 -2 

C14 -190 -260 -260 -280 -51 4 -190 

C33 2 2 4 3 5 3 1 

C44 55 101 75 80 83 28 46 

C66 263 223 248 257 179 236 287 

 

TABLE II.  MEASURED AND PREDICTED ROOM TEMPERATURE (25ºC) 
SAW PROPERTIES  

 Measured Predicted 
Ψ(º) 

 
vp

a  
(m/s) 

TCD 
(ppm/ ºC) 

δTCD 
 (ppm/ ºC) 

vp
b 

(m/s) 
TCD 

(ppm/ ºC) 
δTCD 

(ppm/ ºC) 

0 2445 -50 6 2449 -42 17 
13 2335 -71 8 2338 -57 22 
48 2311 -69 6 2310 -57 23 
77 2327 -76 6 2326 -64 24 

119 2730 -12 10 2720 4 7 
123 2752 -6 10 2756 -12 7 
170 2430 -52 6 2430 -48 17 

a. measured vp all ±2 m/s 

b. predicted vp all ±10 m/s  
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that the measurements for these two orientations were made at 
smaller temperature intervals, which is necessary to accurately 
determine the turnover temperature.     

The predicted uncertainty in the TCD is dominated by the 
third term under the square root sign in (7).  The uncertainty in 
the predicted TCDs of the seven SAWs studied here is almost 
entirely attributable to δ14, which reflects: (i) the large vp 
sensitivity to C14 for most of the SAW orientations listed in 
Table I and (ii) the considerable value of δ14 which can be 
seen in Table III.  Though the sensitivity of the vp to C66 is of 
the same order as that for C14, δ66 is only half as large as δ14, 
leading to a reduced influence of C66 to

C
TCDδ .  Because of the 

reduced sensitivity to C14 of the Ψ=119º and Ψ=123º SAWs, 
C
TCDδ  for these waves is reduced to ~1/3 of the uncertainty for 

the other five orientations.   

The measured TCD for all seven orientations was in 
agreement with predicted values, within their associated 
uncertainties, over the entire temperature range measured.  As 
an example of the temperature behavior of one of the devices, 
Fig. 3 shows the Δf/f0, and the TCD for the Ψ=170º mode.  
The agreement with measured and calculated values for both 
propagation properties can be seen throughout the entire 
temperature range.  Also plotted for comparison in Fig. 3 are 
the Δf/f0 and TCD predicted using the material constants and 
temperature coefficients from [2], the only reference 
publishing the entire set of constants needed to calculate these 
quantities, including the thermal coefficient of expansion, 
which as critical in the calculation as seen from (7).   

D.  Zero TCD Orientations 
As can be seen from Fig. 2, the Ψ=119º and Ψ=123º 

SAWs lie in a region of space with very low or zero calculated 
TCD and electromechanical coupling nearly seven times that 
of ST-X quartz.  Fig. 4 presents the measured and predicted 
temperature behavior along one of these orientations, namely 
Ψ=123º.  From Fig. 4a, it can be noted that the variation in 
frequency is less than 0.5 parts per thousand over the entire 
temperature range measured.  The agreement between 
measured TCD (blue markers) and predicted TCD (red line) is 

(b) 
Figure 3.  a) Δf/f0 and  b) TCD for the Ψ=170º SAW.  Blue markers 

represent experimental points.  Red and black traces are predicted values 
using constants in [9] and [2], respectively.  Agreement between predicted 

temperature parameters and experiment are representative of all SAWs 
measured. 

(a) 

 
(b) 

Figure 4.  a) Δf/f0 and b) TCD for the Ψ=123º SAW.  This mode exhibits 
zero TCD in the vicinity of room temperature and a normalized frequency 

variation of less than five parts per thousand over a 120 ºC temperature span.
Blue markers represent experimental points.  Red and black traces are 

predicted values using constants in [9] and [2], respectively.   

TABLE III.  TEMPERATURE DERIVATIVE 
OF ELASTIC CONSTANTS 

Cij dCij/dT  
(MPa /ºC) 

δij  
(MPa /ºC)

C11 -13.5  0.1 

C13 8.4  2 

C14 -4.9  2 

C33 -22.3  0.1 

C44 -0.05  0.3 

C66 0.6  0.8 

 

 
(a) 
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excellent over the entire temperature range measured.  A 
linear fit (not shown) to the measured TCDs for the Ψ=123º 
SAW yields a value of zero TCD at 50 ºC.    A similar case 
was found for the Ψ=119º mode, where the zero TCD 
identified by a linear fit to the data is at 60 ºC.  As suggested 
by Fig. 2 and supported by measurements of the Ψ=119º, 123º 
modes (Fig. 4 and Table II), SAWs with Euler angles (90º, 
23º, 110º < Ψ < 130º) and in the neighborhood of space 
defined by (90º±Δ, 23º±Δ, 110º < Ψ < 130º) with Δ a variation 
around those angles, are very promising due to their low 
frequency variation with respect to temperature changes and 
their  predicted coupling up to 0.75%. 

V. CONCLUSIONS 
The accuracy of a recently reported set of langatate 

material constants was investigated through the use of surface 
acoustic wave delay line measurements.  The frequency 
response of devices aligned along seven orientations within 
the (90º, 23º, Ψ) plane were measured as a function of 
temperature.  The room temperature phase velocities and the 
temperature coefficient of delay over a temperature range of 
120 ºC were found to be in agreement with predictions within 
the uncertainty limits of both the measurements and 
predictions. 

A method for estimating the uncertainty in calculated 
SAW propagation properties such as phase velocity and 
temperature coefficient of delay based upon uncertainties in 
the fundamental material constants was developed and 
discussed.  

A new LGT plane with an orientation region exhibiting 
both predicted coupling of ~0.7% and temperature 
compensation around room temperature was uncovered.  The 
orientation (90º, 23º, 123º) in particular was verified to have 
less than 0.5 parts per thousand frequency variation over the 
entire temperature range measured (10 ºC to 130 ºC). The 
(90º, 23º, 119º) and (90º, 23º, 123º) orientations were found to 
be have turnover temperatures at 60 and 50 ºC, respectively., 

The SAW plane selected successfully validated the 
previously measured constants by the UMaine group for the 
temperature range between 10 ºC to 130 ºC. 
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